. Consistent with these nase (MAPK/ERK), which also plays a role in LTP. Howresults, we observe that both forskolin-and theta burstever, little is known about the mechanisms whereby induced potentiation lead to a very rapid activation of cAMP, BDNF, and MAPK interact. We find that inTrkB, the BDNF receptor. In contrast, 4-train-induced creases in cAMP can rapidly activate the BDNF recep-LTP, which is largely independent of BDNF, appears to tor TrkB and induce BDNF-dependent long-lasting pobe less efficient in activating TrkB in this system and tentiation at the Schaffer collateral-CA1 synapse in does not lead to detectable TrkB activation at the time hippocampus. Surprisingly, in these BDNF-dependent point examined. The rapid activation of TrkB receptors forms of potentiation, which are also MAPK depencan be blocked with a BDNF scavenger, which suggests dent, TrkB activation is not critical for the activation of that BDNF is released, and that this BDNF plays an MAPK but instead appears to modulate the subcellular instructive role. distribution and nuclear translocation of the activated Although the BDNF-dependent forms of long-lasting MAPK.
Field EPSP slopes plotted as percentage of baseline. Slices were pretreated with saline or TrkB-Fc for 1 hr prior to treatment. Slices pretreated with saline were then treated with 1,9 dideoxyforskolin (n ϭ 3 slices, 3 mice) or forskolin (n ϭ 11 slices, 10 mice), and slices pretreated with TrkB-Fc were treated with forskolin (n ϭ 6 slices, 6 mice). Representative field potentials before and 4 hr after forskolin application are shown on the top left; representative examples of individual experiments are shown on the top right. The slight rundown seen over time is attributable to the pretreatment of the slices in an incubation chamber (compare the forskolin-induced potentiation seen here with that seen in slices that were not preincubated in a separate incubation chamber, shown in Figure 4 ). Incubation in this separate chamber was necessary in these experiments because TrkB-Fc was not available in sufficient quantities to permit continuous perfusion throughout the 1 hr preincubation.
TrkB but less efficiently than BDNF, and, again, NT-3 cellular clusters of TrkB in CA1 dendrites, which may represent pools of receptor available for insertion into levels in the CA1 region are comparatively low. Furthermore, the fact that several groups, including our own, the membrane [Drake et al., 1999]), our data suggest that some BDNF is acutely released during the induction have obtained very similar effects on plasticity with BDNF-blocking antibodies, TrkB-Fc treatment, and of BDNF-dependent forms of plasticity. BDNF knockout strongly suggests that the majority of the effects described here are due specifically to a re-
Full Expression of BDNF-Dependent Forms of Longduction of BDNF binding to TrkB (Chen et al., 1999).
Lasting . We think it likely of BDNF-dependent forms of plasticity examined here. that at least some of the activation we observe results
We found that pretreatment of hippocampal slices with from acute release of BDNF, for two reasons. First, the MAPK kinase (MEK) inhibitor UO126, like pretreatwhereas significant TrkB receptor insertion has been ment with the BDNF scavenger TrkB-Fc, attenuated observed 30-60 min after stimulation in cell culture theta burst-induced potentiation ( Figure 4A ; 4 hr after (Meyer-Franke et al., 1998; Du et al., 2000), we observe tetanus, percent baseline: saline ϩ theta ϭ 183% Ϯ a dramatic increase in TrkB activation within 5 min of 17%, U0126 ϩ theta ϭ 125% Ϯ 7%; p Ͻ 0.02) but had theta burst stimulation, which seems very rapid for the no effect on baseline transmission (after 4 hr of test insertion of new receptors (although little is currently stimuli, percent baseline: 106% Ϯ 5%). U0126 pretreatknown about the kinetics of TrkB receptor insertion). ment also attenuated potentiation by forskolin (Figure Second, we observe a 2-to 3-fold increase in phospho-4B; 4 hr after tetanus, percent baseline: saline ϩ forskolin ϭ 168% Ϯ 18%, U0126 ϩ forskolin ϭ 123% Ϯ TrkB after stimulation (Figure 3) To investigate the possibility that BDNF regulates the subcellular distribution of activated MAPK, we used immunohistochemistry to study the distribution of phospho-MAPK in hippocampal neurons at various times after the induction of potentiation. Because forskolin provides strong, relatively homogeneous stimulation to many synapses in a slice, making it easier to detect subtle effects, we began by examining phospho-MAPK in forskolin-potentiated slices. We first asked whether reducing levels of BDNF altered the amount of phospho-MAPK in the dendrites. As shown in Figure 6 and in agreement with the results of the Western blots for MAPK, the initial forskolin-induced activation of MAPK did not appear to be greatly dependent upon the pres- Treatment with TrkB-Fc did not produce any significant difference in total phospho-MAPK in the cell body layer (arbitrary immunofluorescence intensity units: forskolin ϭ 118.2% Ϯ 11.8; forskolin ϩ TrkB-Fc ϭ 108.5% Ϯ 4.7, p Ͼ 0.45, t test). However, the slightly lower levels of phospho-MAPK present in the cell body layer of the TrkB-Fc-treated slices were consistent with more phospho-MAPK remaining in the dendrites of these slices. The ratio of nuclear to total pyramidal cell body layer phospho-MAPK was significantly reduced in TrkB-Fctreated slices, consistent with a disruption of nuclear translocation (ratio of nuclear to total pyramidal P-MAPK signal intensity: forskolin ϭ 105% Ϯ 3%; forskolin ϩ TrkB-Fc ϭ 93% Ϯ 4%, p ϭ 0.01, t test). However, it is important to note that phospho-MAPK containing nuclei were sometimes seen in slices with reduced levels of BDNF, and some nuclear ghosts were present in slices with normal levels of BDNF. This implies that, while TrkB activation is an important determinant of phospho-MAPK localization, other, overlapping regulatory mechanisms probably exist.
Redistribution of Phospho-MAPK after Theta Burst Potentiation Is Similarly Dependent on TrkB Ligands
While forskolin potentiates large numbers of synapses In theta burst-stimulated slices, as in forskolin-stimuor from a cell-wide reduction in activated MAPK in the absence of BDNF due to a subtle difference in phoslated slices, the ratio of nuclear to total pyramidal cell body layer phospho-MAPK was significantly reduced in phorylation or dephosphorylation. Our Phospho-MAPK Western blot data ( Figure 5 ) suggest that the differences TrkB-Fc-treated slices, consistent with a disruption of nuclear translocation (ratio of nuclear to total pyramidal we observe are probably not the result of a cell-wide reduction in activated MAPK. However, to further distin-P-MAPK signal intensity: theta ϭ 107% Ϯ 4%; theta ϩ TrkB-Fc ϭ 98% Ϯ 1%, p Ͻ 0.025, t test). This finding guish between these possibilities, we also quantitated total phospho-MAPK activity in the pyramidal cell body strongly suggests that in theta burst potentiation, as in forskolin-induced potentiation, BDNF modulates the layer for each image; this measure includes phospho-MAPK in both the nucleus and the somatic cytoplasm.
access of activated MAPK to nuclear substrates. crease the computational power and flexibility of learning algorithms.
Forms of Long-Lasting Potentiation

Slice Preparation
Hippocampi were collected from mice after cervical dislocation.
Experimental Procedures
Conventional techniques were used to prepare transverse hippocampal slices (400 m) (Patterson et al., 1996) . Slices used for physi-BDNF Knockout Mice ology were maintained in an interface chamber at 28ЊC and perfused The BDNF mutant mice were bred in our colony, which is derived with an oxygenated saline solution (in mM: 124.0 NaCl, 4.4 KCl, 26.0 from heterozygote mutant mice provided by P. Ernfors and R. JaeNaHCO 3 , 1.0 NaH 2 PO 4 , 2.5 CaCl 2 , 1.3 MgSO 4 , 10 glucose). Slices nisch (Ernfors et al., 1994) . The original BDNF knockout was mainwere permitted to recover from cutting for at least 90 min before tained on a mixed 129/ter SV and BALB/c genetic background (Ernrecordings were begun. To record field excitatory postsynaptic pofors et al., 1994). All of the BDNF mutant and wild-type mice used tentials in the CA1 region of the hippocampus, the stimulating and in these studies were descended from mice produced by crossing recording electrodes were both placed in the stratum radiatum heterozygous BDNF knockout mice with the original mixed 129/ter of CA1. SV and BALB/c genetic background with wild-type C57BL/6J mice. The phenotype of the BDNF knockout on the new genetic background was similar to the phenotype of the BDNF knockout on the Stimulation Protocols for Physiology Because the BDNF mutant mice used in these studies had a deficit in original mixed 129/ter SV and BALB/c genetic background (Patterson et al., 1996). However, the survival time of the homozygotes basal synaptic transmission (Patterson et al., 1996) , in experiments using both BDNF mutant and wild-type mice, stimuli were delivered was improved (from ‫5.3ف‬ weeks on the original background to ‫5ف‬ weeks on the new background). Wild-type and homozygote BDNF at intensities that evoked field EPSP slopes equal to 1mV/ms in all slices. For all other physiology experiments, stimuli were delivered mutant mice were examined between 2.5 weeks, soon after the slices become capable of producing LTP, and 4.5 weeks, before at intensities that evoked field EPSP slopes equal to 1/3 of the maximum in each slice. Krypton/Argon laser attached to a Zeiss Axiovert 100 with a 40ϫ, Slices of mouse hippocampus were prepared as described above. 0.75 n.a. long working distance objective. Kalman-averaged images In experiments involving tetanized slices, the slices were removed of eight scans were analyzed for Cy3 fluorescence at 568 nm with from the recording chamber 5 min after the last stimulus was deliv-10% laser light using BioRad's imaging software Comos. The same ered. In experiments involving drugged slices, slices were removed settings were used for all images. 15 min after the onset of the drug treatment. Slices were then rapidly frozen on dry ice, and the CA1 region was microdissected out. Each Quantitation of Dendrites in Confocal Images sample in each of these experiments was made from six to ten Dendrites positive for Phospho-MAPK were quantitated by an obpooled slices. All samples were homogenized in a plastic Dounce server blind to treatment using two techniques. homogenizer in lysis buffer (1ϫ PBS, 0.5% Triton X-100, 2 mM Na-• To count "number of labeled dendrites" (see Figures 6K and 7C ), Orthovanadate, 2 mM Na-floride). Protein concentration in the eximages were digitally contrast stretched for maximum resolution tracts was measured using a Pierce Micro BCA Protein Assay Kit.
of phospho-MAPK-positive dendrites. Dendrites entering a band Hippocampal extracts were immunoprecipitated with phosphoin stratum radiatum parallel to, of about the same width as, and tyrosine antisera (BD Transduction Laboratories). The extracts and about two cell body diameters away from stratum pyramidale a bovine serum albumin control were incubated with the antisera were counted for each image. Generally, four to eight images of at 4ЊC for 1 hr. Protein A coupled Agarose beads (BD Transduction each slice were averaged to determine a value for the slice. ImLaboratories) in PBS with phosphotyrosyl-phosphatase inhibitors ages were excluded if background was unacceptably high or if (2 mM Na-Orthovanadate, 2 mM Na-floride) were added to the exthe tissue was obviously damaged. Images where cell bodies tracts, and the mixture was incubated at 4ЊC for 1 hr. The beads were visible but dendrites were not were counted as zero. were then washed three times (1ϫ PBS, 0.5% Triton X-100, 0.2 mM • To determine the "percentage of stratum radiatum occupied by Na-Orthovanadate, 0.2 mM Na-floride). The washed beads were labeled dendrites" (see Figures 6L and 7F) , images were analyzed then resuspended in 2ϫ sample loading buffer and boiled for 5 min.
using Metamorph (version 4.1.3, Universal Imaging Corporation, The supernatant was then size fractionated on an 8% Tris-glycine 2000). Stratum radiatum was selected using anatomical criteria, SDS-polyacrylamide gel. The proteins were transferred to Nitrocelluexcluding obvious artifacts. Images were thresholded to maximize lose membranes, and the blots were blocked with BLOTTO (PBS, the contrast of dendrites within the selected region. The reported 0.1% Tween 20, 5% nonfat dry milk) for 30-60 min at room temperameasure represents the percentage area of stratum radiatum octure. The blots were then incubated overnight at 4ЊC with rabbit cupied by phospho-MAPK-positive dendrites (i.e., above threshanti-TrkB (BD Transduction Laboratories) diluted 1:1000 in BLOTTO. old). It was computed by dividing the area within stratum radiatum The blots were washed in BLOTTO at room temperature and then in which the signal was above threshold by the total selected incubated for 1-2 hr at room temperature with a horseradish peroxiarea. Again, where multiple images were available for a single dase-labeled goat anti-Rabbit IgG (New England Biolabs). Bands slice, they were averaged. Images with no visible dendrites, unwere visualized using enhanced chemiluminescence (Pierce). Densiusually high background, or obvious anatomical damage were ometric analysis of TrkB immunoreactivity was conducted using a excluded. Molecular Dynamics Personal Densitometer SI and Molecular Dynamics ImageQuant software. 
Immunocytochemistry of Paraffin Sections
